Simple Summary: Artificial insemination (AI) is widely used in goats, stimulating the development of semen preservation techniques. Oxidative stress is considered to be the main cause of sperm quality decline over time. In this study, we explored the effect of grape seed procyanidin extract (GSPE) during the liquid preservation of goat semen. The results showed that adding GSPE into the basic diluent enhanced sperm quality by eliminating oxidative stress. The most suitable concentration for the preservation of goat semen at 4 • C was 30 mg/L. This work suggests that promotes the viability of goat semen stored at low temperatures and provides a theoretical foundation for the development of more efficient diluents.
Introduction
The use of artificial insemination (AI) in animal breeding is now widespread. AI is a more economical, simpler, and a more successful technique than embryo transfer or natural mating for the rapid dissemination of elite livestock genetics [1] . Semen preservation which is a the key step in AI, prolongs storage time and maintains fertilization capacity, facilitates long-distance transportation, and improves the reproductive efficiency of elite male animals [2, 3] . One of two sperm preservation protocols, liquid or frozen, may be employed for AI [4] . Liquid preservation results in better conception rates than frozen [5, 6] ; however, as preservation time increases, the conception rate decreases. This decline is due to the gradual deterioration of sperm quality, including sperm motility, mitochondrial activity, acrosome and plasma membrane integrity [4] . Oxidative stress is thought to be the main cause of the decline in sperm quality decline owing to the activities of reactive oxygen species (ROS) during the storage period [1] . Mammalian sperm contain large amounts of unsaturated fatty acids, which are susceptible to ROS attack [7] [8] [9] . ROS causes lipid peroxidation, DNA damage, increased membrane permeability, and even reduces reproductive capacity [5, 10] . There are many reports regarding the antioxidant properties used for semen preservation, such as the use of Lycium barbarum, Laminaria japonica polysaccharides [1] , and glycine [6] . In vivo, the seminal plasma contains sufficient antioxidants to maintain ROS balance [11, 12] . However, the balance becomes disrupted during semen preservation in vitro, which results in the production and accumulation of large amounts of ROS [10] . Therefore, the application of antioxidants to prolong semen quality during preservation is important.
Grape seed procyanidin extract (GSPE) are derived from grape seeds, a group of polyphenolic bioflavonoids [13, 14] . GSPE has a wide range of pharmacological and therapeutic effects. Hamsters fed with GSPE, have reduced levels of oxidative stress [15] . Furthermore, GSPE prevents ethanol-induced DNA damage in mouse brain cells through its antioxidation activity [16] , and protects against H 2 O 2 -induced DNA damage in Fao cells [13] . Furthermore, GSPE reduces oxidative stress and enhances sperm motility in nickel sulfate-induced rat teste [17] . However, there are no reports to date on the utility of GSPE in semen preservation. Therefore, in this study, GSPE was introduced into the diluent to investigate its effect on the quality of goat sperm stored at 4 • C. Sperm motility, acrosome integrity, mitochondrial activity, plasma membrane integrity, total antioxidative capacity (T-AOC), superoxide dismutase (SOD) activity, catalase (CAT) activity, and malondialdehyde (MDA) levels were studied. In addition, the pregnancy rate of goats was used as an important indicator. Our research aimed to provide a scientific basis for the development of GSPE as a new supplement in the cryopreservation of goat semen.
Material and Methods

Reagents
All chemicals in this study were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Goat Semen Collection
A total of 60 ejaculates (10 ejaculates per goat) were collected twice a week from six sexually mature goats using an artificial vagina. Samples were subjectively evaluated. Only ejaculates with a sperm concentration ≥3.0 × 10 9 spermatozoa/mL, motility ≥ 80%, and normal sperm morphology ≥90% were included [1] . To eliminate the variability among individuals, all ejaculates were pooled. All procedures in the study strictly followed the guideline and regulation of the Chinese Experimental Animal Society.
Goat Semen Preservation
All pooled ejaculates were divided into five equal fractions. The control fraction was diluted with basic preservation media (1.15 g/L glucose, 1.45 g/L D-fructose, 0.25 g/L PVA, 0.23 g/L ethylenediaminetetraacetic acid (EDTA), 1.17 g/L sodium citrate, and 0.125 g/L sodium hydrogen carbonate). The remaining fractions were diluted in basic preservation media containing different concentrations of GSPE (10, 30, 50, or 70 mg/L). All fractions were diluted to 6.0 × 10 8 spermatozoa/ml. After dilution, the semen was cooled from 37 • C to 4 • C at a rate of 0.2 to 0.3 • C/min and stored in a refrigerator for 120 h at 4 • C.
Sperm Motility
Semen samples (5 µL) were selected from the 0-120 h-preserved specimens. All samples were incubated at 37 • C for 5 min. Samples were diluted with phosphate buffered saline (PBS) containing bovine serum albumin (1 mg/mL) to a count of 20 × 10 6 spermatozoa/ml at 37 • C before analysis [18] . The semen (5 µL) was then placed on a preheated slide, and covered with a coverslip. Sperm motility was detected by CASA (HVIEW-SSAV version 12.1; Hamilton Thorne, Beverly MA, USA) at 60 HZ (an image sampling frequency). Five fields of view were randomly selected for the analysis of sperm motility on each slide. There were at least three replicates in each group.
Sperm Functional Plasma Membrane Integrity
Sperm functional plasma membrane integrity was assessed by hypoosmotic swelling test (HOST) as described by Lodhi et al. [19] . The preserved semen (50 µL) was mixed with 1 mL (150mOsmol kg −1 ) HOST (7.35g/L sodium citrate dihydrate and 13.51 g/L fructose) and placed in a water bath at 37 • C for 30 min. After incubation, semen (15 µL) was dripped onto a glass slide. Sperm tails were observed under a light microscope (400×). In each experiment, at least 200 sperm were observed and recorded to calculate the number with swollen and curled tails. Sperm with curled tail curled or that were swollen were recorded o have intact membranes.
Acrosomal Membrane Integrity
Sperm acrosome integrity was assessed by the fluorescein isothiocyanate-conjugated peanut agglutinin (FITC-PNA) staining as described by Ren et al. [1] . The semen (30 µL) was fixed in anhydrous methanol for 10 min, and fully covered with the FITC-PNA (30 µL) at 37 • C for 30 min in the dark. After incubation, the semen was washed three times with phosphate buffered saline (PBS) for 10 min and then mounted with anti-fading solution. Acrosomal integrity was evaluated under a fluorescence microscope with a DMX Nikon digital camera (Tokyo, Japan). Under a fluorescence microscope, sperm acrosomes show bright green fluorescence, and such sperm were recorded as having an intact acrosome. There were at least three replicates in each group.
Mitochondrial Activity
Sperm mitochondrial activity was evaluated by dual fluorescent staining, rhodamine 123 (Rh123), and propidium iodide (PI) staining, as described by Ren et al. [1] . Briefly, Rh123 solution (3µL) was mixed with 1 mL semen and incubated at 37 • C for 20 min in the dark. Then semen was stained with PI (10 µL, 0.5 mg/mL PBS) and incubated at 37 • C for 10 min. Next, semen was centrifuged at 600× g for six min, the supernatant was discarded. The sperm pellets were resuspended in 1 ml PBS. Finally, an aliquot of each sample (10 µL) was dropped onto a glass slide and observed under a fluorescence microscope (400×). Each group had five replicates and no less than 200 sperm were counted per slide. Sperm cells with functional mitochondrial activity stained with Rh123 and showed a reddish brown color under the fluorescence microscope.
Measurement of T-AOC, SOD Activities, CAT Activities, and MDA Level
Two-hundred microliters of liquid preserved semen was centrifuged at 1600× g for 5 min. After discarding the supernatant, 600 µL of Triton X-100 (1%) was added to the sperm pellet for enzyme extraction for 20 min. Subsequently, the resuspended semen were centrifuged at 4000× g for 30 min at 25 • C, and the supernatant was collected as the crude extract of the enzymes for follow-up determination. The T-AOC, SOD activity, CAT activity, and MDA levels were measured using assay kits (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the manufacturer's instructions. The plate was read by a spectrophotometer (Shanghai Spectrophotometer Co. Ltd., China) at 520 nm (T-AOC), 560 nm (SOD activity), 520 nm (CAT activity), and 532 nm (MDA level). There were at least three technical duplications in all groups.
Fertility Trials
Semen samples (stored for 72 h) in the control group, and in the 30 mg/L GSPE group, preservation was used for artificial insemination. Glass tubes were used to store the diluted semen. A single infusion of 0.25 mL contained 2.5 × 10 8 spermatozoa. A total of 163 goats were used in the experiment, 83 of which served as controls. The estrous cycle was synchronized using intravaginal sponges impregnated with 45 mg of fluorogestone acetate (FGA) for 11 days. On the ninth day, goats were treated with a single intramuscular injection of equine chorionic gonadotropin (eCG, 300 IU) and cloprostenol (125 g). Each goat was inseminated twice. Initial intracervical insemination was performed at 11-12 h after estrus, and a second insemination was performed 10 h later. Pregnancy was determined by ultrasonography at 30 days after AI. Following birth, litter size was recorded and analyzed.
Statistical Analysis
The results were expressed as mean ± standard deviation, and statistical differences were analyzed by Statistical Product and Service Solutions 22.2 software (SPSS Inc., Chicago, IL, USA). The differences in mean values were assessed using Duncan's multiple range tests and one-way analysis of variance (ANOVA). p < 0.05 was considered significant. Pregnancy rate and litter sizes were analyzed by the chi-squared test and the t-test.
Results
Sperm Motility
The effect of varying GSPE concentrations on the motility of the liquid stored goat sperm at 4 • C is depicted in Table 1 . The results showed that the sperm motility did not differ significantly between the GSPE preservation and control groups at 0 h, 24 h, and 48 h. However, with ongoing preservation to 120 h, sperm motility rapidly decreased in the control. Sperm motility in those samples preserved with GSPE at 30 mg/L was highest at 72 h, 96 h, and 120 h (p < 0.05) ( Table 1 ). 
Functional Plasma Membrane Integrity
The effects of different doses of GSPE on sperm functional plasma membrane integrity upon preservation goat semen at 4 • C are depicted in Table 2 . The results showed that there was no significant difference between the GSPE and control groups at 0 h. At 24 h, GSPE appeared to prevent sperm functional plasma membrane damage; this was significant at the GSPE 30 mg/L level compared with the control (p < 0.05). This phenomenon was similar from 48 h to 120 h. 
Acrosome Integrity
The effects of varying GSPE concentrations on goat sperm acrosome integrity during liquid storage at 4 • C are shown in Table 3 . No significant difference in sperm acrosome integrity was found between the GSPE and control groups from 48 h to the 120 h. GSPE maintained sperm acrosome integrity, in particular, GSPE at 30 mg/l significantly rescued semen acrosome integrity compared with the control (p < 0.05). This pattern was similar at 48 h to 120 h. 
Mitochondrial Activity
The effects of varying GSPE concentrations on goat sperm mitochondrial activity during liquid storage at 4 • C are shown in Table 4 . There was no significant difference in sperm mitochondrial activity between the GSPE preservation and control groups at 0 h. In each timeline, GSPE is maintained, being highest in the 30 mg/L GSPE group (p < 0.05). 
Analysis of Antioxidant Activities
The effects of varying GSPE concentrations on T-AOC of goat sperm activity during liquid storage at 4 • C are shown in Figure 1 . The results show that T-AOC was spontaneously decreased with preservation time. GSPE greatly boosted T-AOC from 24 h to 120 h. In particular, T-AOC was best preserved in the 30 mg/L GSPE group. The results for the effect of GSPE on MDA level are shown in Figure 2 . With prolonged preservation, the MDA level increased. At 24 h, GSPE slightly prevented MDA production. However, at 72 h and 120 h, the 30 mg/L GSPE impeded MDA production. In particular, MDA levels in 30 mg/L GSPE group is the lowest compared to other groups at 24 h, 72 h, and 120 h. In Figure 3 , CAT activity shows a slight decline with prolonged the preservation. However, the treatment groups show more higher CAT activity than control groups in respective preservation time. Most importantly, the activity of CAT is highest in the 30 mg/L GSPE group at 24 h, 72 h, and 120 h. The effects of varying GSPE concentrations on the SOD activity of goat semen activity during liquid storage at 4 • C are shown in Figure 4 . The results showed that the SOD activity decreased with prolonged preservation. GSPE therefore enhanced the increase in SOD activity in respective preservation phases. Nevertheless, SOD activity in the GSPE (30 mg/L) groups is highest between 24 h and 120 h. 
Pregnancy Rates and Litter Sizes
The results showed no significant difference in pregnancy rate between the control group and the GSPE (30 mg/L) group, rates were 68.7% and 72.5%, respectively (Table 5 ). However, the litter size in the GSPE group (1.47 ± 0.21 b ) was significantly higher than in the control group (1.50 ± 0.30 a , p < 0.05 Table 5 ). Table 5 . Comparisons of pregnancy rates 30 days after artificial insemination (AI) using preserved goat semen (72 h at 4 • C) and litter sizes between control group and 30 mg/L GSPE group.
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Discussion
Considerable progress in semen preservation has been made over the past few decades; however, the decline that occurs in sperm quality during this process has not been resolved [5, 11, 20] . During in vitro preservation, there is a risk of oxidative damage to sperm owing to ROS accumulation [8, 12] . The mammalian sperm membrane contains a large amount of polyunsaturated fatty acids (PUFA). When ROS is excessive, the PUFA of the sperm membrane is attacked, which causes lipid peroxidation (LPO) [10, 20] . LPO of sperm membranes can also lead to failure of the acrosome reaction [20, 21] . Excessive ROS damages cellular proteins, and the lipid structure of the cell membrane, furthermore excessive ROS causes gene mutations and accelerates cell death [10] . Previous studies have shown that the addition of antioxidants can significantly improve sperm quality in the rat [22] , bull [11] , dog [12] , boar [8] , and ram [5] by reducing ROS accumulation during the preservation process. GSPE has been reported to have a strong antioxidant capacity [13, 15, 16, 23] . The results of this study demonstrated that the addition of GSPE to the extender enhanced goat sperm quality and antioxidant capacity during liquid preservation at 4 • C. To the best of our knowledge, this study is the first to report that GSPE can be preserved in a rotating liquid at a 4 • C by enhancing antioxidant capacity.
Sperm motility, sperm plasma membrane integrity, and acrosome integrity are important for the acrosome reaction and further penetration through the zona pellucida of the ovum [1, 24, 25] . Mitochondria play a key role in maintaining normal sperm function and energy homeostasis through oxidative phosphorylation and ATP synthase [26] . In this experiment, the quality of sperm was decreased as the semen preservation time increased, and the accumulation of ROS lead to a loss in membrane selectivity, permeability, and membrane change, as well as a reduction in activity and vigor. However, the results showed that the addition of GSPE significantly improved sperm motility, sperm plasma membrane integrity, acrosome integrity and mitochondrial activity compared to control. Similarly, Zhao et al. [27] note that GSPE treatment significantly enhances rat sperm motility and morphology by attenuating cisplatin (DDP)-induced oxidative stress. Su et al. [17] indicate that GSPE improves rat sperm motility by offsetting Ni-induced apoptosis and oxidative stress. Semen quality does decline with increased storage time, and oxidative damage is considered an important factor affecting semen quality [10] . Structurally, GSPE has a hydroxyl group conjugated with double bonds, which is the basis for GSPE as an oxygen radical scavenger and lipid peroxidation inhibitor [14, 28] . Previous studies have shown that goat sperm motility is 24.7% after three days of storage at 5 • C [29] . In this study, sperm motility reached 68.59% after three days of liquid preservation, and GSPE significantly improve sperm motility in liquid preservation. Mammalian spermatozoa membrane is very sensitive to ROS attack as they are rich in polyunsaturated fatty acids (PUFA). The process of preservation results in over production of reactive oxygen species, which is extremely detrimental to spermatozoa. ROS promote peroxidation of lipids, resulting in intracellular oxidative burden. The sequence of events involves lipid peroxidation, loss of membrane integrity with increased permeability, reduced sperm motility, structural DNA damage, and apoptosis [7, 11] . Many previous studies have confirmed that this increase in ROS levels reduces sperm quality owing to imbalances in the antioxidant defense system [5, 8, 11, 12] . SOD and CAT are important components of the antioxidant system in seminal plasma, which can antagonize and block free radicals [30, 31] . ROS not only causes cell damage through the peroxidation of PUFA in biofilms, but also causes cell damage through the decomposition products of LPO. MDA levels indirectly reflect the extent to which cells are attacked by free radicals [32] .
To further explore the effect of GSPE on the preservation of goat semen at 4 • C, T-AOC, CAT activity, SOD activity, and MDA level were evaluated. The results showed that T-AOC, CAT activity, and SOD activity in the GSPE groups are higher than in the control groups (p < 0.05), whereas MDA levels in the GSPE groups were significantly lower than in the control groups (p < 0.05). Chen et al. [31] report that treatment with GSPE enhances SOD and GSH-Px activity and reduces MDA content in the oxidative damage of murine kidneys. A previous study reports that GSPE reverses the decreased activity of antioxidant enzymes (SOD and GSH-Px) and elevates levels of oxidative stress in rat testes [23] . Su et al. [17] suggest that GSPE counteracts oxidative stress in rat testis by directly decreasing MDA and NO, via the scavenging of H 2 O 2 . In addition, GSPE rescues DNA from oxidative damage by removing the free radicals, such as ROS and -OH [33] . GSPE can effectively scavenge superoxide anion radicals and hydroxyl radicals, thus interrupting free radical chain reaction [34] . BiS et al. [35] suggest that GSPE can play an antioxidant role by enhancing the expression of antioxidant enzymes and reducing the regeneration of free radicals. Our findings are consistent with the studies described above, showing that GSPE can eliminate oxidative damage by enhancing the activity of antioxidant enzymes.
In this study, the addition of GSPE enhanced sperm quality and the optimal concentration required to achieve this effect was 30 mg/L. It is worth noting that when the concentration exceeded 30 mg/l, the physiological properties and antioxidant enzyme activities of sperm decreased. We suggest that high concentrations of GSPE may cause sperm apoptosis, but the specific molecular mechanisms requires further research. Finally, we used AI to further verify the effect of GSPE supplementation. Analysis of the pregnancy rates in the experiment indicated that the 30 mg/L GSPE group (72.5%) was not significantly different from in the control group (68.7%). The litter size in the GSPE group (1.50 ± 0.30 a ) was significantly greater than in the control group (1.47 ± 0.21 b ) (p < 0.05). Fang et al. [7] found that the addition of Iodine methionine (IM) to the dilution significantly increase litter size, but the pregnancy rate is not significantly different compared to control. This is similar to our research results. The lack of difference in pregnancy rate could be a consequence of sperm dose and its association with compensable sperm abnormalities. Previous studies have shown that sperm quality is positively correlated with litter size [36] . Su et al. [17] show that GSPE attenuates oxidative stress damage in mouse testis through the Nrf2 signaling pathway and thus improves reproductive capacity. These observations indicated that GSPE increases litter size by improving sperm quality. The results of the current experiments combined with previous studies suggest that GSPE can improve fertility and strong antioxidants are thought to play a major role.
Conclusions
The present study revealed that GSPE improved the quality of goat sperm, in particular, GSPE at 30 mg/L elicited optimal effects upon the preservation of goat semen at 4 • C. We consider that the antioxidant capacity of GSPE is an important factor in the improvement of sperm quality. 
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